The objective of this study was to assess the safety and efficacy of transplanting bone marrow nucleated cells (BMNCs) to treat children with complete interruption of spinal cord (SC) continuity. The present study was conducted from 2005 to 2011. The inclusion criteria were a magnetic resonance imaging-confirmed complete interruption of SC continuity and no improvement in neurological status within 6 months after standard therapy. Bone marrow was isolated from the iliac ala and submitted to BMNC isolation. Subsequently, the cell suspension was administered into the SC cavity and intravenously. In total, 18 of 19 intraspinal and intravenous BMNC transplantation procedures performed caused no adverse events. One case was connected with transient bradycardia. The experimental therapy showed no late complications in the 1-to 6-year follow-up evaluation period. Neurological improvement was observed in two patients who received multiple implantations. One patient demonstrated improved superficial sensation from Th3 to Th12/L1 and a restored bladder-filling sensation. In the other case, superficial sensation was improved from C2 to C5, and the respiratory drive, the swallowing reflex, and tongue movements were restored. Spasticity and quality of life were improved in three of five patients. In addition, skin pressure ulcers healed and did not recur. Our preliminary results demonstrate the safety and feasibility of BMNC transplantation in children with complete SC injury. The results indicate that a certain degree of neurological and quality-oflife improvement can be attained by children with chronic complete SC injury who receive multiple BMNC implantations. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1-10 
INTRODUCTION
Spinal cord injury (SCI) with an interruption of spinal cord (SC) continuity results in an irreversible loss of neuronal connections, leading to SC dysfunction, profound disability, significantly affected quality of life, and even death. More than 130,000 people sustain new SCIs each year worldwide [1] ; most are young individuals, and 82% are young males. Progress in emergency medicine, nursing care, and long-term care for SCI patients has resulted in increased survival; however, survival decreases with age and depends on the injury level [2] .
Standard management after SCI includes stabilization of the injured region and subsequent long-term conservative and rehabilitation treatment [1] , although the optimal duration of the intervention is disputable [3] . Patients with SCI develop several long-term complications, such as pneumonia, atelectasis, deep venous thrombosis, pulmonary embolism, pressure ulcers, autonomic dysreflexia, renal calculi, fractures [4] , spasticity (up to 70%) [5] , and neuropathic pain (40%-50%) [6] . The complications are a frequent cause of morbidity and mortality and lead to an increased rate of rehospitalization [4] . Thus, conservative treatment involves the prevention of post-traumatic complications as well as analgesic treatment and rehabilitation. Nevertheless, we still lack standard treatment methods that can regenerate sensory and motor neurons, which would enable the complete or partial functional recovery of the patient.
Experimental approaches to SCI treatment using the cellular delivery of growth factors demonstrated that insulin growth factor 1 supports corticospinal axon survival [7] ; that neurotrophin-3 causes partial functional recovery [8] ; and that the placement of molecular, cellular, or "synthetic" bridges in the lesion cavity supports axonal regeneration across the lesion site [9] . Sciatic nerve conditioning of lesions result in regeneration of the injured SC [10] , and stimulating cAMP signaling increased the intrinsic growth capacity of injured sensory axons [11] , overcoming myelin inhibition [12] .
The combination of cAMP, neurotrophin-3, and intralesional mesenchymal stem cell (MSC) administration causes better regeneration than Departments of a Transplantation and b Children's Neurosurgery, Jagiellonian University School of Medicine, Cracow, Poland single factors [13] . A phosphodiesterase type 4 inhibitor causes regeneration when applied together with embryonic spinal tissue implantation [14] or with Schwann cell grafts, which promote significant axon sparing and myelination [15] .
Sensory and functional recovery was also demonstrated using glial scar inhibition by chondroitinase ABC [16] , and neutralization of an important neurite outgrowth inhibitor, Nogo-A, stimulated axonal sprouting [17] . Neuronal and axonal regeneration, resulting in improvements in sensory and motor function, after the administration of embryonic stem cells, MSCs, neural stem/ progenitor cells, olfactory ensheating cells (OECs) or Schwann cells was nicely reviewed by Li and Lepski [18] .
Bone marrow (BM) has been demonstrated to be a source of different stem and progenitor cells, including hematopoietic, angiogenic and epithelial cells [19] , and MSCs [20] , but BM also contains neural tissue-committed stem cells, which are mobilized into the peripheral blood during a cerebral stroke [21] . These cells produce numerous trophic growth factors [22] . The intravenous administration of CD34
+ BM cells has been demonstrated to promote an environment that supports the neovascularization of the ischemic brain, enabling neuronal regeneration [23] . In addition, intracerebral transplantation of CD34 + and/or CD133 + cells improved neurological function in animal models [24] . BM MSCs administered intracerebrally [25] or via the carotid artery [26] into the ischemic brains of rats caused significant improvement in functional performance. Remyelination of SC axons following the intravenous delivery of BM cells [27, 28] and functional improvement after the intraspinal administration of BM stromal cells have also been demonstrated [29] .
Nine clinical trials evaluating the safety and efficacy of using autologous BM-derived cells alone or in combination with granulocyte-macrophage colony-stimulating factor in acute [30] [31] [32] [33] [34] [35] , subacute [34, 35] , and chronic [32, [34] [35] [36] [37] [38] adult SCI patients have been published since 2005, involving a total of 401 patients. The safety and feasibility of intravenous and intraspinal single implantations were demonstrated by all groups, with only minor adverse events in some patients, such as fever, increased leukocytosis, skin rash, dizziness, itching, headache, rigidity, and abdominal discomfort [30, 35, 37] . These studies provide evidence of the possibility of neurological, sensory, and functional improvement; quality of life improvement; and partial restoration of the neural paths in the SC for patients with acute, subacute, or chronic SCI. However, greater improvement was observed in patients with acute SCI, and a negative correlation between the time interval from the injury to cell therapy and the outcome was noted [32, 34] . Three groups demonstrated improvements in patients with chronic SCIs who received BM cells by intrathecal administration [32, 37, 38] , whereas one study found no improvement [35] . The importance of intramedullary administration compared with only intravenous administration was demonstrated for attaining neurological improvement [34] , regardless of the length of time since injury. The cell dose seemed to influence the appearance and degree of the improvement [33] . Single implantations of BM MSCs mainly produced slight improvements in patients with acute [39] , subacute, or chronic SCI [40, 41] , although considerable improvement in patients with subacute SCI was also reported [42] . Allogeneic umbilical cord and cord-blood MSCs were demonstrated to cause a slight improvement in patients with incomplete [43] and complete [44] chronic SCI, respectively, and considerable improvement was seen in patients with incomplete SCI when several rounds of cord-blood CD34 + and cord-tissue MSC cells were transplanted [45] . The single or multiple use of OECs produced slight [46] or considerable [47] improvements, respectively, in patients with chronic complete SCI. The transplantation of olfactory mucosa in patients with complete chronic SCI caused slight improvement [48] or considerable improvement [49] in several patients. The administration of Schwann cells was shown to be safe and to produce slight improvement [50, 51] . Similarly, slight sensation improvement was observed in several patients after the single administration of a combination of MSCs and Schwann cells [52] . Considerable improvement in patients with chronic SCI patients was achieved using a combination of MSCs and the patients' autoimmune T cells [53] .
The objective of the current study was to assess the safety and efficacy of combining multiple intravenous and intrathecal administrations of BM nucleated cells (BMNCs) for the treatment of a group of five children with chronic SCI characterized by the complete interruption of SC continuity.
MATERIALS AND METHODS

Patients
The presented study was a prospective, longitudinal medical experiment. The study was performed at University Children's Hospital (UCH) in Cracow, Poland, from 2005 to 2011. The trial was approved by the Jagiellonian University Medical College bioethical committee (KBET/13/B/2005). The parents of all eligible pediatric patients provided written informed consent according to the Helsinki Declaration. Pediatric patients with chronic SCI were included in the study. The general data collected before the experimental therapy consisted of age, gender, the cause of injury, the injury level, the length of time since the injury, previous medical treatment for SCI, and past medical history.
Enrollment Criteria
The study included patients with SCI with a complete interruption of SC continuity confirmed by imaging studies (computed tomography and magnetic resonance imaging [MRI] ) and with American Spinal Injury Association (ASIA) impairment scale grade A. No patient selection was performed depending on the level of SCI. Only children with a minimum of a 6-month time interval between the trauma and the initiation of experimental therapy were enrolled (classified by the authors as "chronic SCI"), with no improvement in their medical condition after standard and obligatory therapeutic methods and with no deterioration or significant improvement of SC function within the 1-month period preceding the experimental therapy. Patients with focal central nervous system lesions (neoplastic lesions, untreated vascular malformations) or chronic diseases (e.g., systemic diseases) that would require long-term pharmacotherapy were excluded from the study.
Prior to the treatment, the patients were examined by a neurologist.
The BM-derived cell implantation procedure was performed when the patients were stable, without contraindications for general anesthesia from the viewpoint of internal medicine and cardiology and without any serious infectious diseases, including sepsis, immediately prior to the procedure.
Ultimately, five patients were enrolled in the study. In total, these patients were subjected to 19 implantation procedures with BM-derived cells.
Procedures
BM Aspiration
Autologous BM from patients who qualified for the experimental treatment was harvested from the posterior superior iliac crest under general anesthesia. With the patient placed in the prone position, with a slightly elevated pelvis, the BM was aspirated from multiple punctures of the iliac ala. BM was collected in medium consisting of 0.9% sodium chloride, heparin, and gentamicin.
BMNC Isolation, Evaluation, and Preparation for Transplantation
The isolation of BMNCs from BM suspension was performed at the Department of Transplantation, Jagiellonian University Medical College, using 10% hydroxyethyl starch solution (Fresenius Kabi, Kutno, Poland, http://www.fresenius-kabi.pl). Hydroxyethyl starch was added to the BM until a final concentration of 3% was reached. Next, the obtained solution was mixed and left in a sterile bottle for 40-50 minutes for distribution. After all erythrocytes had sedimented at the bottom of the bottle, the upper cell suspension was collected into 50-ml tubes and centrifuged. The supernatant was discarded, and the cell suspension was washed with phosphate-buffered saline (PBS) solution (PAA Laboratories, Goetzis, Austria, http://www.paa.at) and resuspended in PBS. The cell number was evaluated, and the cells were divided into two parts.
The number of the cells was assessed using a hematocytometer. The viability of the cells was checked using a trypan blue exclusion assay (0.4% solution; Sigma-Aldrich, Seelze, Germany, http://www.sigmaaldrich.com). The percentages of CD34 + and CD133 + cells were assessed according to the International Society of Hematotherapy and Graft Engineering protocol using monoclonal anti-CD34-PE and anti-CD133-PE antibodies (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com) and cytofluorimetric evaluation on a FACSCalibur (Becton, Dickinson and Company, Franklin Lakes, NJ, http://www.bd.com). The sterility of the material was confirmed by microbiological evaluation.
The first sample of BMNCs, comprising 0.5 3 10 9 cells, was centrifuged and resuspended in 5 ml of 5% glucose solution (Fresenius Kabi) for intraspinal injection. The second sample, comprising the rest of the cells, was prepared in 30 ml of PBS for intravenous injection.
Surgical Procedure and BM-Derived CellTransplantation Procedure
The surgical procedure was performed by a team of specialists from the Department of Children's Neurosurgery at UCH in Cracow. With the patient under general anesthesia, the SC was exposed by a laminectomy. The injury was verified under a microscope, and the necrotic tissues were resected. The BMNC suspension was administered directly to the site of the SCI cavity and peripherally via cubital vein for 10 minutes using a drip infusion set. The wound was closed in a typical manner, with the meninx closed with a watertight suture and the resected lamella of the vertebral arch restored. Subsequent BMNC implantations were performed at variable intervals, the length of which depended on the general condition of the patient, the prognosis regarding possible further effectiveness of the experimental therapy, and the parent's consent. Cells were infused via lumbar puncture and intravenously except in case 1, in which the cells were administered only intramedullarly. All of the patients underwent intensive neurorehabilitation (4-week duration) after every cycle of the experimental treatment.
Pretreatment Neurological Examination
Pretreatment neurological examinations were performed according to a protocol that included an evaluation of motor function according to the ASIA scale and the Frankel grading system. Sensory deficits were evaluated using dermatome sensory maps. Post-traumatic spasticity was assessed using the Ashworth scale, and bladder function evaluation was based on subjective parental evaluation. Similarly, quality of life was assessed on the basis of parental evaluation according to the Spinal Cord Independence Measure (SCIM) scale.
Safety Evaluation Criteria
The safety criteria for the transplantation procedure included the appearance of infection, fever, headache, pain, an increased level of C-reactive protein, increased leukocytosis, allergic reaction or shock, and perioperative complications (anesthesia-and analgesia-related complications, infections of the wound) for 7-14 days after the procedure. The safety criteria for using BMNCs included infection, neuropathic pain, cancer development, and deterioration of the neurological state and were assessed for a 1-to 6-year follow-up period.
Follow-up Assessment of Treatment Success
The follow-up evaluation consisted of a neurological examination evaluating sensation and motor improvement measured by the ASIA scale and the Frankel grading system. Sensory deficits were evaluated using dermatome sensory maps. Post-traumatic spasticity was assessed using the Ashworth scale, and bladder function evaluation was based on subjective parental evaluation. Similarly, quality of life was assessed based on the functional recovery estimated by the SCIM method [54] .
In addition, an evaluation of the development of neuropathic pain, secondary infections, urinary tract infections, or pressure ulcers of the skin was performed.
RESULTS
Case Presentation Case 1
A boy experienced a perinatal injury of the cranio-occipital junction in the course of a forceps delivery. He was admitted to UCH. The injury resulted in damage to the SC involving the C1-C2 segment and the clinical symptoms of a complete transverse SC lesion, such as tetraparesis, apnea, a preserved brainstem reaction, and bulbar syndrome. The patient was submitted to continuous mechanical ventilation.
At the age of 7 months, the boy was subjected to the experimental therapy. BMNC implantation was performed into the injury cavity only once, and the treatment was discontinued owing to withdrawal of parental consent. After the implantation procedure, the patient underwent 4 weeks of intense neurorehabilitation.
There were no adverse events connected with the transplantation procedure and no later adverse events.
The patient, who had vegetative symptoms, died several years after the implantation from severe pneumonia and concomitant respiratory failure.
Case 2
A boy was hit by a motor vehicle at the age of 7 years. MRI of the thoracic spine demonstrated a concussion of the anterior SC (hematomyelia) at Th9-Th10. Blood was also present in the subarachnoid space at Th10. A follow-up MRI of the SC showed its complete destruction at the aforementioned level. A computed tomography scan of the head did not show any abnormalities. Conservative treatment and motor rehabilitation in the initial phase improved the medical condition of the patient; the muscles of the shoulder girdle and upper extremities were strengthened, active function of the oblique and straight abdominal muscles was restored, and the boy had better trunk control. Neurologically, spastic paralysis of the lower extremities persisted, and superficial and deep sensation was preserved up to Th12. The boy presented with a neurogenic bladder without vesicoureteral reflux.
Sixty months later, the boy was admitted to UCH and subjected to the experimental therapy. The boy had two BMNC implantations (Table 1 ; Fig. 1 ). In the course of the first procedure, the injured segment of the SC was subjected to revision, an intramedullary scar was resected, and a portion of BMNC suspension was implanted into the injury cavity using a drain. At the same time, the second sample of BMNCs was administered intravenously. After the implantation procedure, the patient underwent 4 weeks of intense neurorehabilitation. After 13.5 months, the transplantation was repeated, and BMNCs were administered intravenously and via lumbar puncture.
There were no adverse events connected with the transplantation procedures. Within the 5 years of follow-up, no negative effects of the BMNC treatment were noted. Neither clinical nor imaging examinations showed any improvement. The ASIA grade of A did not change; however, the patient reported quality-of-life improvement. The patient's spasticity was reduced from 2 to 1+ on the Ashworth scale. The SCIM score in appendix A, part 1, regarding the ability to self-service, increased from 13 to 15 points; in part 2, regarding respiratory and sphincter management, the score stayed at 29, and room and toilet mobility improved from 7 to 9 points; and in part 3, regarding indoor and outdoor mobility, the score remained at 7 points ( Table 2) .
The parents' consent for the experimental therapy was withdrawn after the second round of BMNC implantation.
The patient was followed up by the Outpatient Department of Neurosurgery and was submitted to regular follow-up examinations. The last examination was performed in March 2012.
Case 3
A 6-year-old boy was hit by a tree branch, which caused injury of the thoracic spine (SCIWORA). On the 10th day after the injury, the boy was admitted to the Department of Neurosurgery at UCH in Cracow. At admission, the child was conscious (Glasgow Coma Scale score of 15) and presented with flaccid paralysis of the lower extremities, obliterated superficial and deep sensation starting at Th3, and trace abdominal medial and inferior skin reflexes. Because MRI was not possible, myelotomography showed a focal concussion of the SC at Th5-Th7 (and especially Th3-Th4), which predominantly involved the posterior horns and lateral columns of the SC. In addition, the patient was diagnosed with cerebral concussion, hemothorax, and a fracture of the left femoral bone. Conservative treatment and motor rehabilitation in the initial phase did not cause any significant neurological improvement.
One year later (in 2005), the patient qualified for the experimental therapy. In the course of a laminotomy of the Th3-Th4 arches performed under general anesthesia, the intramedullary cavity was revised, the necrotic tissues were resected, and the patient received an intrathecal and intravenous BMNC infusion (Table 1 ; Fig. 1 ). A follow-up MRI of the thoracic spinal canal demonstrated a 30 3 17-mm intraspinal and intramedullary fluidfilled space situated at Th3-Th4 that extended to the enlarged intervertebral foramens Th3/Th4 and Th4/Th5. At the level of Th5, the medulla was thinned, with a sagittal dimension of up to 3 mm, whereas at Th6, the dimension was 5 mm. There were no adverse events connected with the transplantation procedure. After the implantation procedure, the patient underwent 4 weeks of intense neurorehabilitation. Clinical and imaging examinations did not show any improvement. BMNC implantations were repeated twice via lumbar puncture and intravenous infusion in the next year (2006). The first slight neurological improvement was observed during a neurological examination after the third implantation and manifested as a change in sensation level starting at Th5 (Table 3 ). The fourth transplantation was performed in 2007. Next, two transplantations were performed in 2008. Further improvement of sensation level, descending by eight segments, was then observed to Th12/L1. The ASIA grade of A changed to B/C, and the Frankel scale score of A changed to C. The patient declared improvement in the sensation of urinary bladder filling. The patient's spasticity was reduced from 2 to 1 on the Ashworth scale. The patient declared improvement in quality of life ( Table 2 ). The SCIM score in appendix A, part 1, regarding ability to self-service, increased from 13 to 16 points; part 2, regarding respiratory and sphincter management, changed from 29 to 34 points and, regarding room and toilet mobility, changed from 7 to 8 points; and the score in part 3, regarding indoor and outdoor mobility, remained at 7 points. Another two BMNC implantations were performed in the following year (2009). No further improvement was observed. In total, the patient was subjected to eight BMNC transplantations (Table 1 ; Fig. 1 ). None of the transplantation procedures caused any adverse events. Within the 3 years of follow-up, no negative effects of the BMNC treatment were noted, and imaging examinations excluded any possibility of lesions that are carcinogenic in character.
The patient is being followed up by the Outpatient Department of Neurosurgery. The last examination was conducted in March 2012.
Case 4
A boy was severely injured at the age of 3 years when he was hit by the wheel of a backing-up cart. On admission to UCH, the child was hospitalized in the intensive care unit. Within the initial 24 hours, his fractured left zygomatic bone was set, and his retrobulbar hematoma was evacuated. He was in a pharmacological coma for the next 3 days. A neurological examination showed flaccid paraparesis of the lower extremities, profound paresis of the upper limbs, obliteration of deep and superficial sensation and lower limb position sense, superficial sensation in the lower limbs from the level of C3-C4, and paralysis of the sphincters. MRI of the spinal canal showed lesions of edematous-malacic character in the cervical SC and interior segment of the medulla oblongata, extending from C7 downward and reaching the terminal cone. The entire cross-section of the SC was filled with an intramedullary hematoma, and a fracture of the C4 vertebral body was observed. Conservative treatment during the first stage caused a change in sensation level to Th1. Motor rehabilitation introduced during the following year did not cause any significant neurological improvement.
The child then qualified for experimental therapy. The patient received two BMNC implantations (Table 1 ; Fig. 1 ). In the course of the first procedure, a Th2-Th3 laminectomy was performed, the necrotic tissue was resected, and a suspension of BMNCs was administered to the posthematoma intramedullary cavity and intravenously. A second implantation of BMNCs was performed 2 years later via lumbar puncture and intravenous infusion and was complicated by transient bradycardia caused by the patient's reaction to the anesthetic drugs, which necessitated interrupting the procedure. One half of the prepared cell volume was administered. Postoperatively, the child demonstrated slight disturbances in short-term memory and subcutaneous liquorrhea at the surgical site. The therapy was terminated. There were no adverse events connected with the transplantation procedures. No late complications following the experimental therapy were observed in a 2-year follow-up period. Improvement in the neurological or clinical condition of the patient was not observed. The parents' consent for the experimental therapy was withdrawn after the second round of BMNC implantation.
Contact with the patient was lost at the beginning of 2012 as a result of the parents' decision.
Case 5
A girl experienced an injury involving the medulla oblongata and cervical SC at the age of 2.5 years. At admission to the Department of Neurosurgery at UCH in Cracow, a neurological examination showed flaccid tetraparesis, obliteration of motor function and all types of sensation starting at C5, an absent swallowing reflex, and an absent respiratory drive. The child required a tracheostomy, continuous mechanical ventilation, and percutaneous endoscopic gastrostomy (PEG). MRI demonstrated destruction of the SC involving C2-C4. During the first stage of therapy, conservative treatment was initiated, and the patient was bedridden and motor-rehabilitated at the bedside. Standard postinjury therapy for more than a year-long period caused no improvement. The patient had two pressure ulcers. Both of these ulcers were localized to the iliac crest region, on the left and right sides, and were approximately 1.5 3 2.0 cm in size.
The patient then qualified for experimental therapy. In total, she was subjected to six cell implantations, one each in 2007 and Fig. 1 ). During the first surgery, the necrotic tissues were resected, and the BMNCs were administered into the injury cavity, followed by intravenous infusion. Next, implantations were performed by lumbar puncture and intravenous infusion. After the fifth procedure, a slight improvement in neurological status was observed (Fig. 1) . The ASIA grade of A changed to B, and the Frankel scale score of A changed to C. The patient signaled mosaic patterns of pain sensation, active tongue movements appeared, and her swallowing ability and respiratory drive were restored. Thus, the girl was fed orally and through the PEG, and the cough reflex was restored. The sensation level decreased to Th1. The patient continued to be 
Bladder function/sensation appearance and skin pressure ulcer healing were assessed. Abbreviations: -, not present; +, present; ASIA, American Spinal Injury Association.
bedridden and to present with tetraparesis. Her skin was pink, without necrotic lesions or pressure ulcers. The patient's spasticity was reduced from 1+ to 1 on the Ashworth scale. The parents declared significant improvement of the child's quality of life ( Table 2) . The SCIM scale score in appendix A, part 1, did not change (score of 0), but in part 2, regarding respiratory and sphincter management, the score increased from 10 to 16 points, although room and toilet mobility did not change (score of 0); part 3, regarding indoor and outdoor mobility, did not change in score (score of 0). None of the BMC transplantations caused any adverse events (Table 4) . No late complications following the experimental therapy were observed in a 6-year follow-up period.
The patient is monitored at the Department of Children's Neurosurgery.
Case Summary
General data collected from the five patients enrolled in the experimental cell therapy are presented in Table 5 . Four boys and one girl who were 3-7 years old at the time of admission and who had complete SC interruptions at different levels and from different causes participated in the trial. The patients were included in the trial no earlier than 6 months after injury.
Collectively, 19 intrathecal and intravenous BMNC implantation procedures were performed. In total, 18 BMNC intrathecal, lumbar puncture, and intravenous transplantation procedures were performed with no adverse events, such as infection, fever, pain, headache, increased level of C-reactive protein, increased leukocytosis, allergic reaction or shock, or other perioperative complications, during 7-14 days of follow-up. In one patient, transient 
Transient bradycardia appeared because of the patient's reaction to the anesthetic drugs.
Abbreviations: -, not present; +, present. Table 5 . Characteristics of the experimental group, general data, pretrial neurological evaluation, introduced treatment, and neurorehabilitation from five case studies bradycardia appeared ( Fig. 2) . Two of the five children treated received the highest number of transplantations and demonstrated neurological and qualityof-life improvements (Tables 2, 3 ). The ASIA grade for case 3 changed from A to B/C, and the Frankel scale score changed to C. The sensation level improved from Th3 to Th12/L1, and spasticity changed from 2 to 1 after the therapy. The patient's self-care increased from 13 to 16, especially in dressing and bathing abilities. Respiratory and sphincter management increased from 29 to 34, as the sensation of the bladder was partly restored. In addition, room and toilet mobility increased from 7 to 8.
In case 5, the ASIA grade changed from A to B, and the Frankel score changed to C. BMNC therapy caused the appearance of signaled mosaic patterns of pain sensation, and active tongue movements and the respiratory drive were restored. Thus, the girl was fed orally and through the PEG, and the cough reflex was restored. Her sensation level decreased to Th1, and her spasticity changed from +1 to 1 after the therapy. The ulcers that she had at enrollment in the experimental therapy healed, and new ulcers did not appear. Her quality-of-life improvement was reflected by increased respiratory and sphincter management from 10 to 16 as a result of the restored respiratory function. The girl still needs the complete and permanent assistance of her parents.
In addition, in case 2, although no neurological improvement was noted, spasticity was reduced from 2 to +1. The quality of life regarding self-care increased from 13 to 15, and room and toilet mobility increased from 7 to 9.
The time between the injury and the beginning of the experimental therapy was shorter for the patients who showed neurological improvement: 6 or 17 months in comparison with 62-68 months for those patients who did not respond to the treatment. The improvement appeared after multiple implantations (Fig. 1) . Three patients withdrew from the therapy after the first or second implantation.
In case 3, neurological improvement appeared 44 months after the beginning of the experimental therapy and after the third and fourth BMNC implantation procedures. In case 5, neurological improvement appeared 50 months after the beginning of the experimental therapy and after the fifth BMC implantation procedure.
None of the patients developed neuropathic pain. Those patients without ulcers at enrollment in the experimental therapy did not develop any ulcers during the few years after BMNC transplantation or in the 6-year follow-up period.
DISCUSSION
In the last two decades, reports have demonstrated the safety and potential efficacy of cell therapy in adult patients with SCIs using cells from different adult tissues, including BM cells [30] [31] [32] [33] [34] [35] [36] [37] [38] , MSCs [39] [40] [41] [42] [43] [44] [45] , OECs [46, 47] , olfactory mucosa [48, 49] , and Schwann cells [50, 51] , or cell combinations [52, 53] . More considerable improvements were observed for patients with acute SCIs with multiple transplantations or when a strategy combining different types of cells was applied. Our preliminary study, although conducted on a small number of patients carrying a different injury level and type, is the first one performed on pediatric patients suffering from chronic SCI. Our therapeutic approach was based on the combined intrathecal and intravenous administration of BMNCs.
Because none of our five pediatric patients with complete SCI who were submitted to 19 implantations showed early complications, such as fever, headache, or elevated inflammatory markers, we report the safety and feasibility of multiple intrathecal and intravenous BMNC implantations. The safety and feasibility of BM-derived cells for intrathecal implantation and implantation via lumbar puncture had already been demonstrated for adult patients [30] [31] [32] [33] [34] [35] [36] [37] [38] , with minor side effects observed in several patients, such as fever, headache, general ache, numbness or tingling, abdominal discomfort, facial flushing, constipation, infections, neuropathic pain, or leukocytosis [30, 35, 37] . Our results expand on these safety and feasibility reports by using BMNC therapy for pediatric SCI patients with both single and multiple implantations. A 1-to 6-year follow-up evaluation demonstrated no long-term side effects after using autologous BM cells. Neuropathic pain, infections, deterioration of neurologic status, and cancer did not appear. Our results, demonstrating the safety of using BMNCs in pediatric SCI patients, extend safety reports for this therapy in adult patients [30] [31] [32] [33] [34] [35] [36] [37] [38] with both single and multiple implantations.
A different volume of BM was aspirated according to the different body masses of the children. Our BM preparation methodology was set to obtain all nucleated cells after erythrocyte depletion. The route of administration was both intravenous and intramedullary. The constant value in our therapy approach was 0.5 3 10 9 BMNCs administered intramedullarly and via lumbar puncture. The remaining BMNCs were administered intravenously. Although the percentages and total numbers of CD34 + and CD133 + cells among BMNCs differed among the patients, the numbers (mostly .4 3 10 6 ) were similar to the numbers of CD34 + cells (4-9 3 10 6 ) in the BM reported to be sufficient to cause improvement in adult chronic SCI patients [37] . Interestingly, the administration of BM cells containing a greater number of CD34 + cells (approximately 90 3 10 6 ) by another group did not cause greater improvement [32] . The minimal dose of CD34 + cells in transplanted BM that was reported to cause improvement in acute SCI patients was 2.6 3 10 6 [33] , with no improvement below 1 3 10 6 CD34 + cells and better improvement with 12 3 10 6 or 26 3 10 6 cells. According to the bioethical committee's guidelines, patients were included in the trial at least 6 months after SCI. The study approach included multiple implantations for all patients. Unfortunately, only two patients received six to eight rounds of BMNCs, and the three others stopped after the first or second procedure because parental consent was withdrawn. None of the patients demonstrated any improvement after the first BMNC implantation. A lack of improvement after a single BM cell implantation in adult patients with chronic SCI patients and complete SCI has been reported [35] , although several groups demonstrated the possibility of improvement after a single procedure [32, 37, 38] . Interestingly, the application of multiple (three or more) rounds of BMNC implantations resulted in the appearance of neurological, motor (respiratory drive, swallowing reflex, and bladder sensation restoration, depending on the level of the injury), sensation, spasticity, and quality-of-life improvements in our pediatric patients. The restoration of the respiratory drive reported in this paper is unique because respiratory dependence is an exclusion criterion in most studies and one of the most frequent causes of mortality in SCI patients [4] . In addition, qualityof-life improvement was observed in one patient after two rounds of BMNC. Thus, we conclude that it is possible to achieve neurological and quality-of-life improvements in pediatric patients with chronic SCI using BMNC therapy, but multiple implantations may be needed. It seems that chronic SCI patients may need prolonged trophic stimulation of the SC to attain the improvement provided only by multiple implantations. A direct comparison has never been performed, but the available data seem to confirm the usefulness of multiple administrations during cell therapy. Better improvement was seen in adults with chronic SCI after four rounds of OEC implantation [46] than after a single implantation [47] . Based on our results, we conclude that when applying multiple implantations, the time interval between subsequent implantation procedures may influence the therapeutic improvement.
Furthermore, none of the patients subjected to BMNC implantations developed any skin lesions in the form of decubitus sores, even during the 6-year follow-up period. In case 5, such lesions were present prior to SC implantation, and after the procedure, the lesions healed faster and did not recur. The intravenous administration of cells was reported not to cause any neurological improvement in SCI patients [34] , but we believe that CD34 + cells and/or MSCs present among transplanted BMNCs might act trophically (e.g., via stimulation of angiogenesis), providing better blood supply and better wound healing. The intravenous application of CD34 + BM cells into the peripheral blood or of cultured MSCs has already been described to be useful in the treatment of diabetic critical limb ischemia and decubitus and skin ulcers [55, 56] . Thus, although intravenous injections of BMNCs may not cause SC regeneration, this method may be worth considering as a way of preventing or hastening the healing of pressure ulcers.
We are aware that our preliminary observations are based on a small number of children, but we believe that these findings are worth consideration while designing studies with a higher number of patients. Larger studies with patients segregated according to the type and level of the injury with the same infusion intervals should be performed to obtain more consistent data.
A comparison of the treatment results obtained from a small group of SCI pediatric patients with the results available from adult SCI patients does not suggest an advantage for younger age [32, 37, 38] . This finding is somehow unexpected because the younger age should provide better ability to regenerate. Because the present study was done on a small number of patients, a larger study using the same methodology for pediatric and adult patients, allowing a direct comparison, should be performed to confirm or contradict the observation.
CONCLUSION
We report the safety and feasibility of multiple BMNC implantations and of the introduced treatment strategy. Our preliminary results demonstrate the possibility of attaining neurological, motor and sensation, and quality-of-life improvement in children with chronic complete SCI with the use of multiple BMNC implantations. Intravenous implantations of these cells seem to prevent pressure ulcers and/or help them heal. These results should be confirmed in a larger group of patients.
